phase, the solution is found to be heavily disordered, yet retaining significant ion pairing.
Introduction
High-capacity secondary batteries have radically changed many aspects of our lifestyles.
Li[Ni 1/3 Mn 1/3 Co 1/3 O 2 ], often termed NMC (because of the equal constituent proportions of Ni, Mn, and Co) is one of the most important commercial cathode chemistries. 1, 2 Despite its widespread commercial use, questions on the material's structure remain unanswered. These questions become even more important when one realizes that a next generation of NMC-like battery materials with ~40% higher capacities are already known, but cannot be commercialized due to some difficult-to-characterize structural breakdowns. Even more crucially, the capacity increases of these next-generation versions of NMC are not well understood, but have recently been theoretically linked to discrete, specific local arrangements of transition metals within their disordered matrix. 3 It appears absolutely vital then, that some new tool for experimentally measuring the local transition-metal configurations is developed, given that understanding them is almost certainly the key to controlling both the capacity and the lifetime of these promising cathodes.
A large body of literature has reported many aspects of the structure of NMC and its analogues using diffraction, [4] [5] [6] NMR, [4] [5] [6] [7] [8] theoretical calculations, 4, 9, 10 and microscopy. 11, 12 NMC is structurally analogous to the well-ordered and crystalline LiCoO 2 phase, which is composed of a stack of 2D sheets of close-packed ions, with transition-metal (TM) layers separated from lithium layers by sheets of oxygen counter ions. NMC mimics this parent structure, but with a mixture of Ni, Mn, and Co on the transition metal sites, and a few percent of interlayer swapping of Ni ions with the similar-sized Li ions. It is important to recognize that there is a very large and promising class of analogues with differing transition-metal ratios, and/or substitution of lower oxidation-state TMs with higher oxidation-state TMs plus lithium. Recent high-resolution electron microscopy (EM) studies have provided atom by atom descriptions of the TM positions, including stacking faults (shifts of the TM sheet) and the growth of alternate phases at surfaces. 11 Whilst these images provide an extremely accurate set of locations, they do not contain any information on the identity of each TM in the image.
Even though a full structural description within the TM layers is lacking, there is strong evidence to suggest at least partial ordering amongst the various TMs within each sheet. Nuclear magnetic resonance (NMR) spectra, [4] [5] [6] [7] [8] 7 Li NMR spectra are extremely sensitive to the arrangement of metal atoms, our accurate reproduction of the spectra indicates that the models are representative of the real physical structures, including the amount and type of disorder.
Theory

Local Charge Balance
The structure of NMC and the analogues considered here consist of stacks of twodimensional layers that repeat in units of [TM-O-Li-O]; see Figure 1 (a). In general,
analogues are made by changing the identities of atoms in the TM layer and/or the Li layer while the oxygen layer remains fixed. Similarly, cathode charge/discharge involves changes in the two metal layers against unchanging oxygen layers. This behavior, combined with the very strong tendency of ionically bonded oxygen atoms to remain in the (-2) oxidation state, suggests it is reasonable to define a lowest energy configuration as one which places a counterbalancing (+2) charge immediately surrounding each oxygen.
The local structure of NMC is such that each atom is surrounded by 6 ions of opposite charge in an approximately octahedral geometry. Therefore, each oxygen is surrounded by 6 metal atoms: 3 Li atoms from the Li layer and 3 TM atoms from the TM layer; Figure 1(b) . The lowest energy configurations are defined here as those where these 6 metals supply the correct +2 charge balance to the oxygen. It is important to note that each metal provides 1/6 th of its charge to each one of its surrounding 6 oxygen atoms.
Therefore, the charge on any oxygen atom is exactly compensated when 1/6 th the sum of the charge of the 3 Li atoms below it and the 3 TM atoms above is +2. For example, an oxygen atom in NMC would be charge-balanced if it were situated immediately below 3 Here, we define the energy of any structure of an NMC-type phase as equal to the sum of the magnitudes of the deviation of each oxygen atom from the charge balance described above. The energy of the i th oxygen in a trial structure is therefore defined here as:
where the function C(TM j ) denotes the charge of the j th TM atom, and the indices (a, b, and c) label the TMs local to each oxygen (e.g., as shown in Figure 1(b) ). We note that the form of Eq. 1 results from having half of each oxygen's coordination filled by Li, as we are considering only structures without vacancies or other metals in the "Li layer."
The total energy (Hamiltonian function) of a particular model structure is then the sum over all the oxygen sites within it, and it is also useful to define the average energy, i.e.,
. This approach breaks up the TM sheet into triangular tiles, each of which has a particular energy associated with its deviation from the ideal total charge of +9.
Monte Carlo Method
The simulated annealing, SA, method is employed here to generate trial structures. The TM-swapping iterations follow a probability rule (see Supporting Information, SI) which has the same form as that governing the population of energy levels at a given temperature in statistical mechanics. Accordingly, the SA simulation behaves like a physical system: as the temperature factor is increased, the average energy of the multitude of local configurations increases. This "thermal" disorder is an apt method for reproducing the physical samples, as these are annealed at high temperature and then quenched. It should be noted that because SA parallels statistical mechanics rather than having the exact same form, the simulation "temperature parameter" is in arbitrary units with dimensions of energy and should not be directly compared to physical temperature in degrees Kelvin. Table 1 .
NMR Spectral Benchmark
Since the shifts are additive, it is straightforward to determine the total frequency shift of any particular site by summing over the 12 nearest TM atoms using the relevant terms in Table 1 . The total NMR spectrum may then be generated by adding the peaks for each Li site in the model structure. 
Comments on the Method
It is important to note that the form of the Hamiltonian proposed here, coupled with our assumption of pure Li content in the Li layers, leads to a complete decoupling of the adjacent TM sheets (the energy of a site is comprised of a sum of charges from neighbors within its own layer only). This is physically reasonable, given the charge screening from the three sheets of ions separating each TM sheet. Furthermore, we note that recent HRTEM studies found significant slipping between layers. 11, 12 Crucially, this lack of coupling allows the TM layers to be modeled completely independently, and a single layer can represent the entire structure provided that the sheet size is large enough. Reverse Monte Carlo calculations have also been attempted on this class of material in which a structural evolution algorithm is used to fit diffraction-derived pairdistribution data rather than to satisfy an energy requirement. [4] [5] [6] Unfortunately, the data is a complex overlay of all the environments and the experiment is heavily weighted by the diffraction properties of the atom types. Furthermore, the lack of a theoretical energy model prevents the predictive power of the approach presented here.
Results
First, the capability of the simulated annealing algorithm described above is tested on a temperature factors less than ~3.5 all yield the low-energy structure, while above this point, the thermal energy is large enough to break up the stable, zero-energy honeycomb.
The onset point of this phase change is labeled herein as T crit . The fact that at a given temperature T > T crit the system energy is approximately proportional to (T -T crit ) 1/2 , see Figure 3(b) , which contains the average occupation of each triangular tile in each of the temperature-dependent simulated structures shown in Figure   3 (a). As the temperature increases, the populations of the higher-energy local arrangements begin to increase.
The Li NMR spectra predicted for structures simulated at a wide range of temperatures are shown in 3(c). At low temperature, the ordered structures produce welldefined NMR spectra, for example, at T = 0, the NMR spectrum is dominated by 2 peaks:
one at 0 ppm for Li atoms residing above the green "sea" of cobalt and one at 400 ppm for Li atoms above the [√3 ! √3]R30° islands; small NMR peaks in between are due to Li atoms above the boundary regions. At higher temperatures, the 0 ppm and 400 ppm NMR peaks are no longer dominant: they drop in intensity as the thermal energy mixes the two phases, reducing the amount of Li atoms above one pure phase or the other.
Most importantly, comparison to the experimental NMR spectrum identifies the temperature at which the simulated structure is accurate. For the x = 0.02 sample, the predicted NMR spectrum matches the experimental one, Figure 3(d) , over only a small temperature range, demonstrating that the structure of the T = 1.04 simulation accurately portrays the correct structure. Since each Li atom is sensitive to a relatively large tile of the TM sheet, these tiles overlap, and the amount of each tile type is encoded in the intensity of the NMR spectrum; a close match indicates a high degree of accuracy in the predicted structure.
The T = 1.04 structure is not only an accurate reproduction of the arrangement of TM atoms in the physical sample, it can also be analyzed to further elucidate the complicated structure. The optimum model structure appears largely disordered to the eye, but still retains significant local pairings of the differently charged TMs, as seen in The energy rule of Eq. 1 is such that non-3 + metals in one tile tend to induce some ordering in the overlapping neighboring tiles. Thermal energy in the simulation prevents this force from inducing full phase separation, and the average structure is best described as varying lengths and shapes of Ni 2+ /Mn 4+ chains.
Zeng et al. published a thorough analysis of the x = 0.02 material including Li NMR spectroscopy. 4 Owing to the low dopant concentration, they were able to manually compare the NMR spectrum expected for isolated Mn and Ni pairs against a dilute mixture of unassociated ions, demonstrating that the former situation is a much more accurate model. With the aid of a structure-predicting algorithm, we show that these pairings are also partially aggregated into chains, even at low doping levels, and provide a more complete picture of the statistical distribution of environments.
A series of simulations with differing temperatures were also carried out for The final stoichiometry considered here, the commercially relevant x = 0.33 material, produces simulations which behave similarly to the other materials, Figure 5 .
At low temperature, the simulated structure is nearly entirely composed of the [√3 ! √3]R30° phase which produces a single Li NMR peak. As the temperature is increased, an extremely complex material with hundreds of local environments is produced. It should be noted that the scale of the NMR spectra in Figure 5 covers approximately twice the breadth of the x = 0.02 and 0.1 cases. As the temperature is increased, the simulated spectra become continually broader. The breadth and shape of the experimental spectrum matches well with the simulated spectrum over a narrow range centered at T = 1.55, Future work will include using this structure determination method to investigate important problems in lithium-ion battery cathodes. In particular, structural evolution of materials with promising capacities, but poor cyclability are targeted. Analogous structural tools applicable to other cathode morphologies will also be developed. ] family were generated by co-precipitation of a mixture of the metal hydroxides of the desired stoichiometry. This initial powder was heated for 3 hours at 500 °C, ground with a mortar and pestle, pelletized, and re-heated at 900 °C for another 3 hours. Finally, the pellet was ground, pelletized again, and heated for a further 3 hours at 900 °C, quenched in N 2 (l), and ground for experiments.
Experimental Section
Synthesis and Experiments
All 7 Li NMR experiments were performed under an applied magnetic field of 4.7
T using a Bruker DRX rf console. 60 kHz magic-angle sample rotation was employed in all cases, using Bruker 1.3 mm rotors. All experiments used 100 ms recycle delays and 1.5 µs π/2 pulses, and chemical shifts were referenced to 1M LiCl(aq) at 0 ppm. Spectra containing only isotropic shifts were generated using the projection magic-angle-turning phase-alternating spinning-sideband, pj-MATPASS, 23 method of separating sidebands into different slices of a 2D spectrum, which were then aligned and summed to yield the presented spectra.
Software Implementation
The Monte Carlo simulated annealing protocol was coded in Matlab, which was also used to generate all graphical outputs of the simulation process. Each TM sheet is represented as a matrix containing the charge of each metal, which is iterated forward by the algorithm. Periodic boundary conditions were employed at the edge of the sheets.
While the energy equation used here does not couple the sheets energetically during the structural evolution, the NMR spectroscopy does correlate them, as each Li atom is sensitive to a triangular tile in the sheet immediately above and below itself. To avoid artificially enforcing mirror symmetry on these two triangular tiles, all NMR spectra were generated using two independently annealed TM sheets.
Simulation accuracy depends on the simulation box being large enough to contain a sample of local environments that is representative of the real sample. For these samples and this choice of Hamiltonian, we have found that simulations carried out independently, or along different temperature pathways, will produce model structures with the same distribution of local environments provided the simulation is iterated long enough to reach equilibrium at the final temperature. All results presented here are within this regime. See SI for further details.
To assist in the comparison to experimental NMR spectra, the discrete frequency shifts associated with a simulated structure are modeled as distribution curves. ppm is due to a few percent of Li that is well known to exist inside the transition-metal layer, 7 but which is considered too small of an effect for treatment here. (e) Energy response during three separate calculations on previously optimized structures of the x = 0.33 phase in which the temperature is slowly raised from 0 to a maximum (each independent calculation is shown in blue, with their average provided in black).
